Introduction
Unwarranted proliferative phenotype of VSMCs is an essential feature of a number of vascular pathologies and occlusive diseases such as atherosclerosis, hypertension and arterial and in-stent restenosis. Improved understanding of the vascular proliferative diseases implicate that the inhibition of VSMC proliferation by antiproliferative therapy may be an appropriate strategy to interrupt vascular proliferative diseases [1] [2] [3] . Recent studies indicate that inhibition of cell proliferation by targeting cell-cycle regulation is a rational strategy for preventing arterial restenosis and in-stent restenosis, which has resulted in use of drugcoated stents for arresting VSMC cell proliferation following clinical procedures [1, [3] [4] [5] [6] .
HDAC inhibitors (HDACIs) are a new class of anticancer agents by virtue of their ability to arrest cell proliferation and promote cell differentiation or stimulate apoptosis [7] [8] [9] [10] [11] [12] . At molecular level, HDACIs cause reactivation of epigenetically silenced genes by increasing global histone acetylation by inhibiting class I and class II HDACs [7] [8] [9] [10] [11] [12] . Global hyperacetylation of histone appears to alter chromatin structure and cause relaxation of chromatin structure, which exposes DNA and allows availability of promoter sites for transcriptional activation [7] [8] [9] [10] [11] [12] . Furthermore, evidence suggests that the link between hyperacetylation-induced increased transcriptional activity and growth inhibitory effect of HDACIs is reflected in transcriptional regulation of several cell cycle regulators [7, 8, [10] [11] [12] .
Butyrate, a dietary HDACI, is a short chain fatty acid derived from the intestinal microbial fermentation of dietary fiber [10] [11] [12] . Several epidemiological, animal and interventional studies suggest the protective effects of dietary fiber in chronic diseases such as bowel disorders and colorectal cancer, cancer of other tissues, cardiovascular disease, diabetes, obesity and hypertension [3, [12] [13] [14] [15] [16] [17] [18] is linked to bioactivity of butyrate [3, 12, [14] [15] [16] [17] [18] . It elicits many cytoprotective, chemopreventive and chemotherapeutic activities mainly through arrest of cell proliferation, induction of apoptosis or stimulation of cell differentiation by selectively altering gene expression but the mechanistic basis for these actions are far from clear [3, [10] [11] [12] 18, [19] [20] [21] [22] [23] [24] [25] [26] . Butyrate and its derivatives with longer half lives have been developed and being used in animal models and in human studies to treat different cancers [8, 9] , hemoglobinopathies [22, 27] , cystic fibrosis [23, 24] and Huntington's disease [25, 26] . Conversely, no similar studies are performed to indicate the protective role of butyrate in cardiovascular diseases. However, our studies [3, 12, 28, 29] and studies by others [30] have established arrest of VSMC proliferation by butyrate. Moreover, our cDNA array screening studies detected altered expression of several genes in butyrate arrested VSMC proliferation [31] .
In the present study, we investigate the influence of butyrate on histone H3 posttranslational modifications and its consequence on G1-specific cell cycle regulators to elucidate the mechanistic link between chromatin remodeling and antiproliferation action of butyrate in VSMCs. Outcomes of our study indicate interplay between different site-specific posttranslational modifications of histone H3 in butyrate treated VSMCs that seem to alter chromatin structure and organization causing differential expression of both negative and positive regulators of cell cycle resulting in arrest of VSMC proliferation, a possible cause of atherosclerosis and an important critical trait of postangioplasty restenosis and in-stent restenosis.
Materials and Methods

Materials
Antibodies to cyclin D1, cyclin D3, p15INK4B, extracellular signal-regulated kinase 1 and 2 (ERK1/2), histone H3, phospho-histone H3Serine10 (phospho-H3Ser10), acetyl-histone H3Lysine9 (acetyl-H3Lys9), di-methyl-histone H3Lysine9 (di-methyl-H3Lys9), di-methylhistone H3Lysine4 (di-methyl-H3Lys4), phospho-Rb-Serine807/811, (pRbSer807/811) and horse radish peroxidase (HRP)-conjugated second antibodies were obtained from Cell Signaling (Beverly, MA, USA). Anti-mouse Alexa Fluor 488, anti-rabbit Alexa Fluor 546, and Hoechst were from Molecular Probes (Carlsbad, CA, USA). Chemiluminescence luminol reagent and antibodies to p21Cip1, cdk-2, cdk-4 and cdk-6 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody to Rb protein was purchased from BD Biosciences (San Jose, CA, USA). Butyrate and antibody to smooth muscle α-actin were obtained from Sigma -Aldrich (St. Louis, MO, USA). The micro BCA protein assay kit was from Pierce (Rockford, IL, USA).
Cell Culture and Treatments
Rat VSMCs were isolated from thoracic aortas [32, 33] and cultured in complete medium consisting of DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . For all experiments, VSMCs were seeded at a ratio of 1:6. One day after splitting, actively growing cells were grown in the absence or presence of 5 mM butyrate or specified concentrations of butyrate for required lengths of time [29, 34] . Culture medium was replaced every other day with fresh medium containing freshly prepared butyrate in sterile phosphate buffered saline (PBS). VSMCs of third to fifteenth passages were used for all studies. All experiments were repeated at least three times unless otherwise mentioned.
Measurement of cell proliferation
The proliferation of VSMCs was measured as described previously [29, 34] . After the required period of treatment, cells were washed three times with sterile PBS and trypsinized with trypsin-EDTA. Cell numbers were counted by trypan blue exclusion method [29, 34] .
Preparation of Cell Lysates and Western Analysis
Whole cell lysates were prepared as described previously [34] . Equal amounts of denatured protein samples were fractionated on: 7.5% SDS-polyacrylamide gels to immunoblot Rb and phospho-Rb (pRb); 10% SDS-polyacrylamide gels to immunoblot cyclin D1, cyclin D3, ERK1/2, p21Cip1, cdk-2, cdk-4 and cdk-6; and 12% SDS-polyacrylamide gels to immunoblot p15INK4B and unmodified and modified histone H3. Fractionated proteins were transferred to PVDF membrane and processed for immunoblotting with indicated antibodies [34] . Immunodetection was performed with the western blot luminol reagent from Santa Cruz biotechnology. For quantitative measurements, a Molecular Imager FX Pro Plus MultiImager System and Quantity One software (Bio-Rad, CA) were used. Immunoblotting of ERK1/2 was performed with the same lysates to normalize protein loading unless otherwise mentioned.
Immunofluorescence Staining
VSMCs were fixed in cold methanol and immunostained as described previously [34] . Briefly, fixed cells were blocked with 10% heat inactivated horse serum (HS) in PBS for 1 h at room temperature. Blocked cells were incubated with appropriate antibodies in 1.5% HS for 1 to 3 h followed by three washes with PBS, each for 10 min. Similar washing protocol is used for downstream procedures. Cultures were then incubated with appropriate Alexa Fluor second antibody conjugates in 1.5% HS for 1 h. Following washing, cultures were incubated with 1 μg/ml Hoechst in 1.5% HS for 30 min. After washing with PBS cultures were subjected to fluorescence microscopy using a Nikon fluorescence microscope.
Statistical analysis
Data is expressed as mean ± SD. Differences were assessed by Student's t-test. Statistically significant difference between data sets was determined at p < 0.01 to < 0.001.
Results
Link between inhibition of VSMC proliferation and temporal dynamics of histone H3 acetylation and phosphorylation by butyrate
The relationship between inhibition of VSMC proliferation and site-specific histone H3 modification by butyrate is assessed by determining the temporal effect of butyrate on VSMC proliferation, and on acetylation of histone H3-Lys9 (H3Lys9) and phosphorylation of histone H3-Ser10 (H3Ser10). The results of the study reveals that while butyrate treatment of VSMCs stimulates striking H3Lys9 acetylation all through the experimental period (Fig. 1A) , it also arrests VSMC proliferation dramatically (Fig. 1B) . Unlike butyrate treated VSMCs, untreated VSMCs display proliferative phenotype with very low levels of H3Lys9 acetylation. Conversely, induction of H3Ser10 phosphorylation is exclusive to untreated proliferating VSMCs, although the extent of H3Ser10 phosphorylation is significantly reduced in a time-dependent manner compared to 24 h untreated VSMCs (Fig.  1A) . In contrast, butyrate treated VSMCs barely exhibit H3Ser10 phosphorylation. Enhanced acetylation of H3Lys9 in butyrate treated VSMCs and increased phosphorylation of H3Ser10 in untreated proliferating VSMCs are confirmed by intracellular immunostaining (Fig. 2) . While H3Lys9 acetylation is specifically enhanced in the nuclear region of butyrate treated VSMCs, H3Ser10 phosphorylation is solely increased in the nuclei of untreated VSMCs.
Concentration and time-dependent changes in site-specific posttranslational modifications of histone H3 in butyrate-inhibited VSMC proliferation
Analysis of the patterns of histone H3 modification specific to butyrate arrested VSMC proliferation display: induction of H3Lys9 acetylation, inhibition of H3Ser10 phosphorylation, reduction of H3Lys9 di-methylation and stimulation (H3Lys4) dimethylation in a concentration dependent manner (Fig. 3A) . On the other hand, the timecourse studies indicate that while the changes in the levels of H3Lys9 acetylation, H3Lys9 di-methylation, and H3Lys4 di-methylation induced by 5 mM butyrate remained almost the same all through the experimental period, reduced level of H3Ser10 phosphorylation is observed in 6 h butyrate treated VSMCs, which is completely abolished with increase in time of exposure to butyrate (Fig. 3B) . Conversely, 24 h (Fig. 3B ) and 48 h (Fig. 3A) untreated proliferating VSMCs exhibit induction of H3Ser10 phosphorylation, inhibition of H3Lys9 acetylation, stimulation of H3Lys9 di-methylation, and reduction in H3 Lys4 dimethylation. However, except for H3Ser10 phosphorylation, no other histone H3 modifications exhibit any significant time-dependent changes in untreated proliferating cells.
Upregulation of cyclin D1 and cyclin D3 in butyrate-arrested VSMC proliferation
Expression of D-type cyclins that are important in driving cells through G1 phase in response to mitogenic signals are studied in butyrate treated VSMCs. Treatment of proliferating VSMCs with butyrate causes increase in cyclin D1 and D3 protein levels in a concentration ( Fig. 4A ) and time-dependent fashion compared to untreated proliferating VSMCs (Fig. 4B) . Increase in cyclin D1 and D3 protein levels is observed at as low as 0.5mM butyrate concentration and depending on the concentration of butyrate, their protein levels further increased at the end of 48 h of treatment (Fig. 4A) . The temporal study indicates about 3-fold induction of cyclin D1 after 24 h of treatment, and almost similar extent of induction is sustained all through the experimental period of 72 h (Fig. 4B) . Conversely, about 3.5-fold induction of cyclin D3 is observed as early as 6 h of butyrate treatment and there onwards showed modest increase up until the end of 72 h (Fig. 4B) . Moreover, intracellular immunostaining not only confirms increase in cyclin D1 (Fig. 4C ) and D3 (Fig. 4D ) protein levels by butyrate but also distinctly discloses their nuclear localization.
Downregulation of cyclin D-and cyclin E-specific cdks by butyrate in VSMCs
Analysis of cyclin D-specific cdk4 and cdk6 protein levels reveals that their levels are reduced in a concentration and time-dependent manner by butyrate (Fig. 5 ). Butyrate causes no significant effect on cdk4 and cdk6 protein levels up to 2 mM concentration but at concentrations higher than 2 mM, it causes dose-dependent reduction in their levels in comparison to untreated VSMCs (Fig. 5A) . Temporal studies indicate time-dependent downregulation of cdk4 and cdk6 after 18 h of treatment with 5 mM butyrate (Fig. 5B) . Moreover, butyrate displays almost similar dose-and time-dependent effects on cyclin Edependent cdk2 protein expression that reflects downregulation profiles of cdk4 and cdk6 ( Fig. 5A and 5B).
Induction of cdk inhibitors, p15INK4b, and p21Cip1, by butyrate in VSMCs
Involvement of cdk inhibitors in butyrate arrested VSMC proliferation is evaluated by the effect of butyrate treatment on p15INK4b and p21Cip1 protein levels. Butyrate treatment causes concentration- (Fig. 6A ) and time-dependent (Fig. 6B) upregulation of p15INK4b and p21Cip1 in VSMCs. Although no change in p15INK4b and p21Cip1 protein levels is observed up to 2 mM concentration, striking induction in their levels is observed between 3 mM to 7 mM concentration (Fig. 6A) . Temporal studies depict p15INK4b and p21Cip1 protein levels are enhanced by about 3 to 4-fold after 18 h of treatment and most of this induction is sustained until the end of the experimental period of 72 h (Fig. 6B) . Augmented expression of p15INK4b (Fig. 6C) and p21Cip1 (Fig. 6D ) in butyrate treated VSMCs is further portrayed by intracellular immunostaining. Interestingly, butyrate-enhanced p15INK4b appears to be localized both in cytosolic and nuclear region of VSMCs, whereas p21Cip1 appears to be limited to nuclear region.
Butyrate inhibits phosphorylation of Rb
The impact of underexpression of cyclin D-specific cdk4 and cdk6 and cyclin E-specific cdk2 and upregulation of cdk inhibitors, p15INK4b and p21Cip1, on phosphorylation state of Rb protein, is assessed by the electrophoretic migration rate upon SDS-PAGE and immunoblotting with Rb antibody (Fig. 7) . Besides Rb antibody, another antibody specific to Rb protein that is phosphorylated on Ser807 and Ser811 (phospho-Rb Ser807/811) is used to determine the phosphorylation and activity state of Rb. Irrespective of the type of Rb antibodies used, highly phosphorylated Rb protein is detected in untreated proliferating VSMCs. Conversely, time-dependent inhibition of Rb phosphorylation is detected using both the antibodies in butyrate treated VSMCs. Additionally, a differently phosphorylated and slowly migrating phospho-Rb appeared along with rapidly moving unphosphorylated Rb in 6 h and 18 h butyrate treated VSMCs when Rb-specific antibody is used (Fig. 7) . However, exposure to butyrate for 24 h and longer, distinctly inhibited Rb phosphorylation.
Discussion
Here we show that butyrate-inhibited VSMC proliferation exhibits cross-talk between different site-specific posttranslation modification of histone H3 by acetylation, phosphorylation and methylation ( Fig. 1-3) , which has been linked to transcriptional activation, cell cycle/mitosis/meiosis and transcriptional activation/suppression, respectively, and these effects are consistent with biological effects of butyrate, antiproliferation action and differential gene expression. Butyrate's cooperative effects on histone H3Lys9 acetylation and H3Ser10 phosphorylation ( Fig. 1 to 3) , and contrasting effects on di-methylation of H3Lys4 and H3Lys9 (Fig. 3) appear to cause distinct chromatin-based outputs resulting in cyclin D1 and D3 induction (Fig. 4) , G1-specific cdk4, cdk6 and cdk2 downregulation (Fig. 5) , and cdk inhibitors, p15INK4b and p21Cip1, upregulation (Fig. 6 ). Although downregulation of cdk4, cdk6 and cdk2, and upregulation of p15INK4b and p21Cip1 are in accordance with antiproliferation action of butyrate, increased levels of cyclin D1 and D3 by butyrate is surprising. Irrespective of the disparities regarding butyrate's effect on D-type cyclins, downregulation of G1-specific cdks and upregulation of cdk inhibitors by butyrate appear to avert cell cycle progression by altering phosphorylation and activity state of Rb causing arrest of VSMC proliferation. Thus, butyrate exhibits potential atheroprotective role against vascular proliferative diseases due to its ability to arrest VSMC proliferation by altering expression of G1-specific cell cycle proteins by duly modifying chromatin dynamics via epigenetic modification of histones.
Chromatin structure is dynamically altered by reversible modifications of histones by the activities of HDACs and HATs, which are pivotal to transcriptional regulation, DNA replication and repair, gene silencing, and regulation of cellular differentiation and proliferation [35] [36] [37] [38] [39] . In our study, butyrate causes interplay between different site-specific modifications of histone H3 such as acetylation, phosphorylation and methylation in VSMCs ( Fig. 1 to 3) . While H3Lys9 acetylation is induced in VSMCs that are growth arrested by butyrate, it is barely noticeable in untreated proliferating VSMCs (Fig. 1 to 3) . In contrast, H3Ser10 phosphorylation is inhibited in butyrate treated VSMCs whereas untreated proliferating VSMCs reveal increased H3Ser10 phosphorylation, although the extent of H3Ser10 phosphorylation is reduced with increase in time of culturing. This may be linked to reduction in proliferating cells due to contact inhibition (Fig. 1 to 3) . These responses imply a cooperative cross-talk between H3Lys9 acetylation and H3Ser10 phosphorylation in butyrate treated VSMCs, which may be critical for establishing a growth-arrested phenotype. Additionally, similar interaction between H3Lys9 acetylation and H3Ser10 phosphorylation, where histone H3Ser10 phosphorylation abolishes acetylation of histone H3Lys9 is documented by some recent studies [35] [36] [37] . Histone H3 tails have been known to be susceptible for site-specific reversible modifications that are linked to discrete chromatinbased biological activities such as: H3Lys9 and H3Lys14 acetylation to transcriptional activation; H3Ser10 phosphorylation to cell cycle/mitosis/meiosis and chromosome condensation / segregation; H3Lys9 methylation to transcriptional silencing; and H3Lys4 methylation to transcriptional activation [35] [36] [37] [38] [39] . Moreover, modification of histone tails by acetylation that normally correlates with transcriptional activation, and phosphorylation, which is mostly seen during mitosis/meiosis/cell cycle have been linked to dynamic relaxation and condensation state of chromatin, respectively. It is possible the cooperative interplay observed between H3Lys9 acetylation and H3Ser10 phosphorylation in butyrate treated VSMCs may aptly alter chromatin structure favoring decondensation and hindering condensation of chromatin that may be crucial for establishing a growth-arrested VSMC phenotype.
Besides acetylation and phosphorylation, histone H3 amino-terminal tails are also target of methylation [35, [38] [39] [40] [41] . In butyrate treated VSMCs, in addition to strong induction of H3Lys9 acetylation, modest contrasting effects on di-methylation state of H3Lys9 and H3Lys4 are observed compared to untreated VSMCs ( Fig. 1 to 3 ). These responses imply two key points: First, H3Lys9 acetylation and di-methylation occur on separate sets of histone H3 molecules ( Fig. 1 and 3) ; and second, diminished H3Lys9 di-methylation may reduce gene silencing and contribute to suppression of at least some of the genes that play a role in growth arrest of VSMC by butyrate such as G1-specific cdks (Fig. 5) . Consistent with our observation, recent studies indicate that H3Lys9 acetylation and methylation do occur on independent sets of histone H3 [40] [41] [42] [43] but unlike in our study, some of these studies reveal increased H3Lys9 acetylation and di-methylation by butyrate in different nonvascular cell [42] implicating cell and/or species-specific disparity [44] , significance of which is not clear. Contrary to H3Lys9 di-methylation, subtle increase in H3Lys4 dimethylation is detected in butyrate treated VSMCs (Fig. 3) . Because H3Lys4 di-methylation is mostly restricted to active chromatin, this increase in H3Lys4 di-methylation may contribute to upregulation of certain cell cycle regulators or other proteins linked to proliferation arrest of VSMCs by butyrate (Fig. 4 to 6 ). All in all, acting collectively, a combination of histone H3 modifications stimulated by butyrate appears to suitably alter chromatin structural organization to form a so called "histone code" that is translated to a specific biological event exclusive to butyrate effect, namely, proliferation-arrested VSMC phenotype via altered transcriptional activation.
Many studies recognize that there is a link between HDAC inhibitors stimulated altered chromatin structure via modifications of histones and transcriptional activity of chromatin, which underlie the antiproliferative action of HDAC inhibitors including butyrate. Evaluation of butyrate's effect on the expression of G1-specific cell cycle regulatory proteins that regulate Rb protein phosphorylation status, which is critical for cell to progress through G1 to S phase, clearly strengthens the relationship between butyrate-stimulated altered chromatin structure and change in expression of G1-specific cell cycle regulatory proteins in executing their antiproliferation action. Analysis of G1-specific D-type cyclins that drive the cells through G1 phase in response to mitogenic signals [45] [46] [47] such as D1 and D3 reveals augmented levels of their proteins in butyrate treated VSMCs (Fig. 4) . Based on our earlier cDNA array screening studies [31] it appears cyclin D1 increase is due to increase in synthesis whereas enhanced D3 protein levels seem to be linked to protein stability [48] .
Although butyrate arrests proliferation of other cell types [12, 49] and causes variable effects on the expression of D-type cyclins [7, 12, [49] [50] [51] [52] [53] , our study reveals increase in both cyclin D1 and D3 proteins in response to butyrate, which appears to be exclusive to VSMCs, significance of which is not clear (Fig. 4) . However, recent evidence indicates that in addition to their role as cdk-dependent regulators of cell cycle, D-type cyclins exhibit nonredundant crucial functions in a number of cdk-independent processes [54] [55] [56] [57] [58] [59] . At present it is not clear whether cyclin D1 and D3 exert any cdk-independent roles in butyrate arrested VSMC proliferation. D-type cyclins grant catalytic activity to their kinase partners, cdk4, and cdk6, by forming active cyclin D-cdk4/cdk6 heterodimeric complexes [45] [46] [47] . Interestingly, analysis of cdk4 and cdk6, to evaluate whether there is any change in their levels to balance their upregulated regulatory subunits, cyclin D1 and D3, in butyrate treated VSMCs reveals a dose and timedependent downregulation of cdk4 and cdk6 (Fig. 5) . Likewise, cyclin E-dependent cdk2 expression is downregulated by butyrate (Fig. 5) . Butyrate also affects cdk4, cdk6, and cdk2 of other cell types but its effects appear to be cell type specific [50, 60] . Added to the downregulation of D-type cdk4/cdk6 and cyclin E type cdk2, their catalytic activity also appears to be compromised by the induction of p15INK4b, inhibitor of cyclin D-specific cdk4/cdk6 kinases [47] and p21Cip1, inhibitor of all cyclin-cdks except cyclin D-cdk4/cdk6 [45, 61] , in VSMCs growth arrested by butyrate (Fig. 6 ). About 4-to 5-fold induction of both p15INK4b and p21Cip1 proteins is induced by 5 mM butyrate in a time-dependent manner, which is in accordance with our earlier cDNA array data [31] . While induction of p21Cip1 in VSMCs is in-line with butyrate's almost universal transcriptional activation of p21Cip1 and similar to other HDAC inhibitors [7, 8, [10] [11] [12] 31] , p15INK4b is stimulated only in certain cell types by butyrate [62] . These effects suggest that by downregulating cyclin Dcdk4/cdk6 and cyclin E-cdk2 expressions combined with upregulation of their respective catalytic inhibitors, p15INK4b and p21Cip1, butyrate causes overall net inhibition of G1-specific cdk activities. Outcome of the compromised activities of cdks are further reflected in their time-dependent failure to phosphorylate and inactivate Rb protein in butyrate treated VSMCs (Fig. 7) , stalling the VSMCs in G1 phase resulting in arrest of VSMC proliferation. Taken together, downregulation of cdk4, cdk6 and cdk2, and upregulation of p15INK4b and p21Cip1 by butyrate appear to be collectively linked to VSMC proliferation arrest by failing to inactivate Rb protein. However, the significance of cyclin D1 and D3 upregulation in butyrate arrested VSMC proliferation is not clear. Considering the new cdk-independent roles of cyclin D1 and D3 that are linked gene activation, it is possible that some of these functions may be crucial for butyrate arrested VSMC proliferation. We are currently characterizing cyclin D1 promoter and its interaction with HDACs and HATs as a prelude to understanding the cdk-independent role of cyclin D1 in butyrate arrested VSMC proliferation.
In summary, butyrate, a dietary HDACI, exhibits atheroprotective antiatherogenic potential by altering G1-specific cell cycle proteins through its chromatin remodeling activity to arrest VSMCs proliferation, a critical cellular component of the blood vessel, that play a major role in the development of atherosclerosis and in the pathogenesis of clinical procedures such as arterial and in-stent restenosis. At present there is a surge towards clinical applications of HDAC inhibitors in cancer and other disease treatments but their use in preventive and therapeutic intervention of vascular diseases is very limited. Outcome of our present study and other related studies [7] [8] [9] [10] [11] [12] 19] clearly indicate that butyrate and its derivatives have a potential both in cardiovascular disease prevention as a bioactive component of dietary fiber and in therapeutic intervention of arterial restenosis and in-stentrestenosis as a pharmacological agent, respectively. Proliferating VSMCs were untreated or treated with butyrate for 24 h and processed for immunofluorescence staining of histone H3Lys9 acetylation (A) and histone H3Ser10 phosphorylation (B) followed by nuclear staining with Hoechst. Images of stained VSMCs were captured using a Nikon fluorescence microscope with a CCD camera and 40 × objective. Proliferating VSMCs were treated with different concentrations of butyrate for 48 h or treated with 5 mM butyrate for indicated periods of time to determine the concentration (A) and time-dependent effects of butyrate (B). At the close of experiment, cell lysates were prepared and subjected to western analysis of cyclin D1 and D3. Intracellular localization of butyrate-induced cyclin D1 (C) and D3 (D) protein levels were determined by immunofluorescence staining of VSMCs treated with or without butyrate for 48 h. Cultures stained for cyclin D1 were also stained for smooth muscle α-actin to depict the cytoskeletal structure of VSMCs. Images of stained VSMCs were captured using a Nikon fluorescence microscope with a CCD camera and 40 × objective. VSMCs were treated with different concentrations of butyrate for 48 h (A) or treated with 5 mM butyrate for indicated periods of time (B) to investigate concentration and temporal effects of butyrate on the expression of G1-specific cdks, respectively. At the conclusion of treatment, cell lysates were prepared and processed for western analyses of cdk6, cdk4, and cdk2. VSMCs treated with 5 mM butyrate for different lengths of time were processed for immunoblotting of phosphorylated Rb protein with two different Rb-specific antibodies: Rb antibody detects both phosphorylated and unphosphorylated Rb, which can be identified by their difference in mobility, and phospho-RbSer807/811 antibody recognizes only Rb protein that is phosphorylated at serine 807 and serine 811.
